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ABSTRACT: Cells adapt their metabolism and activities in response to signals from their surroundings, and this ability 
is essential for their survival in the face of environmental changes. In mammalian tissues a deficit of these mechanisms 
is commonly associated with cellular aging and degenerative diseases related to aging, such as cardiovascular disease, 
cancer, immune system decline, and neurological pathologies. Several proteins have been identified as able to respond 
directly to energy, nutrient, and growth factor levels and stress stimuli in order to mediate adaptations in the cell. Many 
of these proteins are enzymes that positively or negatively modulate the autophagic process. This review focuses on 
biochemical mechanisms involving enzymes—specifically, mTOR, AMPK, and Sirt1—that are currently considered 
important for these adaptive responses, providing an overview of the interactions of the main players in this process.
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ABBREVIATIONS: ACC, acetyl CoA carboxylase; Akt, protein kinase B; AMPK, adenosine monophosphate–
activated protein kinase; ATM, ataxia-telangiectasia mutated; Atg, autophagy-related protein; Bnip3, Bcl-2/
E1B 19 kDa interacting protein; CaMKK2, calcium/calmodulin-dependent protein kinase kinase 2; CBS, cysta-
thionine β-synthase motif; CCD, central catalytic domain; CRTC2, CREB-regulated transcription coactivator 2; 
deptor, DEP domain–containing mTOR-interacting protein; ER, endoplasmic reticulum; ERK1/2, extracellular 
signal–regulated kinase 1 and 2; FIP200, FAK-family interacting protein of 200 kDa; FoxO, forkhead box tran-
scription factor O; FXR, farnesoid X receptor; GβL, G protein β-subunit-like protein; Hsp70, heat shock protein of 
70 kDa; HIF, hypoxia-inducible factor; HM, homothallic mating; GLUT, glucose transporter; GSK3-β, gly-cogen 
synthase kinase 3β; IKKβ, IκB kinase β; HMGR, HMG-CoA reductase; LAMP, lysosome-associated 
membrane protein; LKB1, liver kinase B1; mSin1, mammalian stress-activated map kinase–interacting protein 1; 
mTOR, mammalian target of rapamycin; mTORC, mTOR complex; Nam, nicotinamide; Nampt, nicotinamide 
phosphoribosyltransferase; ODC, ornithine decarboxylase; PDK1, 3-phosphoinositide–dependent protein ki-nase 
1; PER2, period circadian protein homolog 2; PPAR-γ, peroxisome proliferator–activated receptor γ; PFK2, 6-
phosphofructokinase 2; PGC-1α, PPAR-γ coactivator 1α; PKCα, protein kinase C α; pras40, proline-rich Akt 
substrate 40 kDa; protor1/2, protein observed with rictor 1 and 2; p70S6K1, 70-kDa ribosomal protein S6 kinase 1; 
raptor, regulatory-associated protein of mTOR; REDD1, DNA damage response 1; Rheb, Ras homolog en-
riched in brain; rictor, rapamycin-insensitive companion of mTOR; ROS, reactive oxygen species; RSK1, ribo-
somal S6 kinase; Sir2, silent information regulator 2; Sirt, sirtuin; SGK,  serum/glucocorticoid–regulated kinase; 
SREBP, sterol regulatory element–binding protein; TFEB, transcription factor EB; TSC1/2, tuberous sclerosis pro-
teins 1 and 2; ULK1, unc-51-like kinase 1; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1.

I. INTRODUCTION

Cellular aging is considered an outcome of the im-
pairment of fundamental mechanisms, including 
changes in the efficiency of energy production, loss 
of the ability to protect the intracellular environ-

ment against oxidative stress1 and loss of the abil-
ity to maintain a proper intracellular structural set-
ting.2 Emerging evidence indicates that the process 
of self-digestion defines autophagy as pivotal in the 
management of these mechanisms.3  Three forms of 
autophagy, extensively reviewed in Yorimitsu et al.,4 



have been described in mammalian cells: macro-
autophagy, microautophagy, and chaperone-me-
diated autophagy. All promote, in different ways, 
the proteolytic degradation of intracellular compo-
nents by the lysosomal system. 

In macroautophagy (the predominant form, of-
ten termed simply autophagy), the load to degrade 
is carried to the lysosomes through the formation 
of a double-membrane vesicle, defined as an au-
tophagosome, that becomes an autophagolysosome 
after fusion with the lysosome. In microautophagy, 
material is incorporated directly through invagina-
tion of the lysosomal membrane. Both macro- and 
microautophagy digest cellular structures of large 
dimensions in both a selective and a nonselec-
tive fashion.5 An extremely selective mechanism 
characterizes chaperone-mediated autophagy, 6 in 
which proteins are targeted for degradation by the 
presence of a particular amino acid sequence7 that 
recruits molecular chaperones, such as the heat 
shock protein of 70 kDa (Hsp70). By recogniz-
ing the lysosome-associated membrane protein 
(LAMP) type 2A, chaperones allow protein trans-
location through the lysosomal membrane without 
vesicular traffic. 

Autophagy is involved in various human 
physiological and pathological conditions, such 
as neurodegeneration, immunity, cancer, devel-
opment, myopathy, heart disease, liver disease, 
osteoarthritis, and aging. The biological signifi-
cance of this process of self-cannibalization is 
complex and not completely understood. Indeed, 
even if in certain cases autophagy represents a 
mode of cell suicide,8,9 many studies have not 
distinguished between cell death accompanied 
by autophagy and cell death caused by it.10,11 For 
example, in cardiac cells palmitate-induced lipo-
toxicity occurs together with autophagy, and it is 
unclear whether this phenomenon represents an 
attempt by the cell to protect itself or represents 
a cell death mechanism parallel to apoptosis.12  
In any case, it generally performs cytoprotective 
functions by restoring homeostasis and promot-
ing survival. 

In fact, under basal conditions, autophagy is 
essential for the removal of misfolded proteins and 

damaged organelles, such as aged mitochondria, 
a main source of oxidative stress, and thus it pro-
motes proper organelle turnover and reduces the 
accumulation of toxic protein aggregates. In addi-
tion, increasing evidence suggests that autophagy 
may have a role in hormesis by improving the re-
sponsiveness of the cell to noxious stimuli after 
a previous, low-grade, exposure, for instance in 
ischemic preconditioning.13,14 In starvation condi-
tions, catabolic reactions in the autophagic process 
may be crucial as a source of the energy essential 
to providing the minimum levels of ATP for cell 
survival. Furthermore, the products of catabolism, 
in particular amino acids, are available to the cell 
for new biosynthetic reactions and allow necessary 
metabolic change and remodeling of the cellular 
proteome.

Many stimuli (e.g., the abundance of amino 
acids and ATP, ammonia produced by amino acid 
catabolism, hypoxia, stress, growth factors, and 
hormones) influence the rate of cellular autophagy 
by affecting the activity of selected proteins—in 
particular, the mammalian target of rapamycin 
(mTOR), adenosine monophosphate–activated 
protein kinase (AMPK), hypoxia-inducible factors 
(HIFs), members of the class O of forkhead box 
transcription factors (FoxOs), and sirtuin 1 (Sirt1).

II. mTOR

A. mTOR Complexes:
Structure and Signaling

A central hub for cellular metabolism changes is 
represented by mTOR, a serine/threonine protein 
kinase that was identified in mammalian cells in 
1994 as a target of the antiproliferative molecule 
rapamycin.15  This kinase participates in the forma-
tion of two large protein complexes called mTOR 
complex 1 and mTOR complex 2 (mTORC1 and 
mTORC2), which are known respectively to be 
sensitive and insensitive to rapamycin  and are 
characterized by the presence of the protein raptor 
(“regulatory-associated protein of mTOR”) or the 
protein rictor (“rapamycin-insensitive companion 
of mTOR”), as shown in Fig. 1. 



Raptor is a scaffold protein that regulates the 
kinase activity of mTOR by interacting differ-
ently under opposite nutrient conditions. Under 
nutrient-rich conditions it positively modulates the 
mTORC1 pathway, but in starvation it associates 
with the complex in a different way, exerting an 
inhibitory effect on the kinase activity.16 This sen-
sitivity to rapamycin results from the interaction 
of this molecule with the FK506-binding protein, 
which recognizes a specific domain of mTOR in 
complex 1. In this complex, mTOR can also in-
teract with the proline-rich Akt substrate 40 kDa 
(pras40), with an inhibitory effect on the kinase ac-
tivity.17 Other proteins may be found in both com-
plexes: the G protein β-subunit-like protein (GβL), 
the mTOR inhibitor known as the DEP 
domain-

containing mTOR-interacting protein (deptor), and 
the Tti1/Tel2 complex.

In addition to rapamycin, mTORC1 directly 
or indirectly responds to several cellular signals, 
including amino acids,18 energy levels,19 oxygen,20 
stress,21 and growth factors,22 as depicted in Fig. 
1. Amino acids are considered the most important
mTOR pathway activators and, among them, leu-
cine and arginine in particular are able to stimu-
late mTORC1 strongly. The first evidence of this
phenomenon dates back to 1995 in a study of the
amino acid effect on autophagy in isolated rat he-
patocytes23; even now, however, the precise mech-
anism of this process is not known in detail. Re-
cent evidence indicates that amino acids are able
to promote mTORC1 recruitment by the protein

FIG. 1: Signals, mTOR complexes and their downstream processes. Shown are the main proteins associated with 
mTOR informing the complexes mTORC1 and mTORC2. Several signals converge and impact mTORC1 and/or 
mTORC2 to stimulate or inhibit the protein kinase activity of mTOR, resulting in the regulation of metabolic pathways 
and cell processes



complex named Regulator on the lysosomal sur-
face and its binding to Rag GTPase heterodimers. 
There it can be activated by the protein Ras homo-
log enriched in brain (Rheb).24 The main upstream 
key point in mTORC1 regulation is the protein 
complex containing tuberous sclerosis proteins 1 
and 2 (TSC1/2), which convert Rheb in its inactive 
status bound to GDP. Rheb only in the GTP-bound 
form positively interacts with mTORC1; thus 
TSC1/2 inhibits mTOR kinase activity through 
Rheb inactivation.25 TSC1/2 integrates many stim-
uli, as reviewed in detail by Laplante and Saba-
tini26: insulin and growth factors activate mTORC1 
by TSC1/2 inhibition that is mediated by protein 
kinase B (Akt), extracellular signal–regulated ki-
nase 1 and 2 (ERK1/2), and ribosomal S6 kinase 
(RSK1). TSC1/2 inhibition also results from cyto-
kine-mediated IκB kinase β (IKKβ) activation. The 
glycogen synthase kinase 3β (GSK3-β) stimulates 
TSC2 by phosphorylation and therefore is a nega-
tive regulator of mTORC1; upstream this enzyme 
is inhibited by the canonical Wnt pathway. Hypox-
ia and DNA damage also modulate mTORC1 with 
an inhibitory effect mediated by DNA damage re-
sponse 1 (REDD1) and TSC1/2 stimulation. 

B. mTOR Targets and Biological Effects

mTORC1 is upstream of many biological pro-
cesses and is involved overall in cell growth and 
proliferation. The best characterized effect of 
mTORC1 activation is increased protein synthesis, 
mainly mediated by the phosphorylation of 70-
kDa ribosomal protein S6 kinase 1 (p70S6K1) and 
eukaryotic translation initiation factor 4E-binding 
protein 1 (4E-BP1). These events positively regu-
late translation.27 Moreover, protein and organelle 
degradation mediated by autophagy is inhibited by 
mTORC1 action on the protein complex containing 
the autophagy-initiating kinase ULK1 (unc-51-like 
kinase 1) and two additional protein factors, FAK-
family interacting protein of 200 kDa (FIP200) 
and autophagy-related protein 13 (Atg13).28At the 
same time, the autophagic process is impaired by 
the negative modulation exerted by mTORC1 on 
transcription factor EB (TFEB), which is a master 

regulator in lysosome biogenesis.29 The stimulat-
ing effect on cell growth and proliferation is also an 
outcome of the promotion of lipid synthesis by the 
cleavage of the sterol regulatory element–binding 
proteins (SREBPs) in their transcriptionally active 
form30 and by the increased expression of peroxi-
some proliferator–activated receptor γ (PPAR-γ).31

mTORC1 activation also induces changes in 
energy metabolism, improving glycolysis-derived 
energy production by stimulating glucose uptake 
and glycolysis. Indeed, mTORC1 mediates an 
increase in hypoxia-inducible factor 1α (HIF1α) 
translation, which triggers the expression of glu-
cose transporters and glycolytic enzymes, thereby 
promoting a switch from mitochondrial oxidative 
metabolism to glycolysis.32

Compared to complex 1, fewer data are avail-
able regarding the regulation and physiological 
functions of mTOR’s complex 2. In addition to ric-
tor, mammalian stress-activated map kinase-inter-
acting protein 1 (mSin1) and protein observed with 
rictor 1 and 2 (protor1/2) are specifically present in 
mTORC2. Although this complex has been defined 
as insensitive to rapamycin, prolonged treatment ac-
tually influences its activity, at least in some cellular 
models.33 mTORC2 is localized at the mitochondria-
associated endoplasmic reticulum (ER) membrane, 
and ER stress affects the kinase activity.34

The main functions of complex 2 seem to be 
cytoskeletal organization and promotion of cell 
survival. In mammalian cells its activity is regu-
lated by growth factor signaling and is upstream 
of several protein kinase A/G/C (AGC) members, 
including Akt, serum/glucocorticoid-regulated 
kinase (SGK), and protein kinase C α (PKCα). 
mTORC2 phosphorylates newly synthesized Akt 
and PKCα at the level of a highly conserved re-
gion typical of AGC kinases, thus facilitating its 
carboxyl-terminal folding and stabilizing the pro-
tein. In the presence of growth factors, Akt is fur-
ther phosphorylated at other sites by mTORC2 and 
3-phosphoinositide–dependent protein kinase-1
(PDK1), leading to full Akt activation.35 These
events may trigger the subsequent phosphorylation
of many Akt substrates and thus affect cell growth,
proliferation, apoptosis, and metabolism.



It should be noted that, as mentioned earlier, Akt 
is upstream of TSC1/2, which means that mTORC2 
supports mTORC1 activity.36 FoxOs are targets 
and mediators of Akt inhibitory action that inhibit 
mTORC1 and increase Akt and rictor expression. 
An intriguing two-part role has been proposed by 
Chen et al34. for FoxOs that seem to be able to main-
tain mTORC1, mTORC2, and Akt in a homeostatic 
balance in different conditions: (1) when growth 
factor and nutrient numbers are excessive, Akt in-
activates the FoxOs and activates mTORC1, which 
in turn stimulates a negative feedback loop, there-
by inhibiting Akt and subsequently activating the 
FoxOs and rictor and finally inhibiting mTORC1 
and activate Akt; (2) oxidative or nutrient stress ac-
tivates the FoxOs, resulting in mTORC1 suppres-
sion to reduce energy consumption but maintaining 
basal Akt activity to sustain energy production.37 
mTORC2-mediated phosphorylation of PKCα may 
modulate cellular processes such as proliferation, 
apoptosis, differentiation, motility, and inflamma-
tion.38 mTORC2 is also required for the SGK ac-
tivities of phosphorylating regulatory proteins that 
control cellular processes such as ion transport and 
growth. This complex is upstream of Rho GTPases 
to regulate the actin cytoskeleton and to control ac-
tin polymerization39—an effect that seems to be par-
ticularly important in neurons.40

Taken together, this information, representing 
only some of the data available in the literature, 
describes a highly structured framework in which 
mTOR controls cell functions by integrating a va-
riety of stimuli in very complex signaling.

III. AMPK

A. AMPK: Structure and Signaling

The main cellular sensor of energy status is AMPK, 
which regulates the supply and use of energy sub-
strates in metabolic stress conditions. Indeed, this 
enzyme activates pathways for ATP production and 
simultaneously blocks energy-consuming process-
es. In addition to energy balance control in a single 
cell, emerging evidence ascribes to AMPK a broad-
er role as a regulator of whole-body metabolism.41

The typical mammalian AMPK structure is a 
heterotrimer consisting of a catalytic subunit, α, 
and two regulatory subunits, β and γ.42 AMPK sub-
units can be found in different isoforms: α exists 
as an α1 or α2 isoform43; β, as either a β1 or a β2 
isoform (the latter is highly expressed in muscle). 
44 Finally, there are three possible isoforms γ (γ1, 
γ2, and γ3).45 Although the expression pattern of 
the isoforms varies dramatically between tissues 
and it is possible to hypothesize a tissue-specific 
role for the different isoforms, the enzyme formed 
by the α1, β1, and γ1 subunits is the prevailing one 
in most cells.

In the catalytic α-subunit, the Ser/Thr kinase 
domain is located at the amino terminus, followed 
by an autoinhibitory domain and, at the C-terminal 
end, by a region necessary for the formation of 
the trimeric complex. The β-subunit includes two 
highly conserved domains: a glycogen-binding do-
main in the central region and a C-terminal region 
that interacts with the other subunits. The γ-subunit 
has a highly variable N-terminal region followed 
by four identical cystathionine β-synthase mo-
tifs (CBS1–CBS4), forming two domains termed 
Bateman.46 Each CBS sequence has a potential ad-
enosine derivative–binding site, but in mammals 
CBS2 always appears empty and CBS4 is tied to 
AMP; thus only CBS1 and CBS3 can modify their 
state by binding AMP, ADP, or ATP.

In normal conditions, ATP is abundant and 
occupies the CBS1 and CBS3 sites. If the cell’s 
energy status changes, particularly if the cell is 
subjected to physiological stress, ATP in site 3 
may be replaced by ADP or AMP, stimulating 
the catalytically competent α-subunit. Moreover, 
nucleotide substitution promotes the phosphory-
lation of a conserved Thr in an activation loop 
sequence present in this subunit, which strongly 
improves kinase activity. The Thr residue can be 
phosphorylated by liver kinase B1 (LKB1)47or 
calcium/calmodulin-dependent protein kinase ki-
nase 2 (CaMKK2).48In a severe stress situation, 
AMP can cause a further allosteric activation 
of the enzyme by interacting with site 1 in the 
γ-subunit. When the cell’s energy content nor-
malizes, ATP replaces ADP or AMP and in con-



Thus the activation of AMPK results from the op-
eration of these molecules as mimetics of caloric 
restriction. In addition to this classical activation 
mechanism, a more direct mechanism has been 
identified that is performed by reactive oxygen 
species (ROS) such as hydrogen peroxide: AMPK 
is activated when two conserved Cys residues in 
the autoinhibitory domain of the enzyme are oxi-
dized.52 Some reports indicate that AMPK can be 
activated by ataxia-telangiectasia mutated (ATM), 
a cellular damage sensor responsible for coordinat-
ing damage-response checkpoints and DNA repair 
during the cell cycle.53 Oxidative stress, genotoxic 
stimuli, and treatments causing DNA damage seem 
to involve ATM for AMPK activation. Several 
studies indicate that hypoxia can positively modu-
late AMPK activity and its downstream pathway 
as well,54,55and the activation seems to be related 
to the increase of ROS and intracellular calcium.56

sequence the Thr in the activation loop is dephos-
phorylated.42

Most known stimuli that activate AMPK 
(summarized in Fig. 2) operate by causing chang-
es in the cell’s energy state—namely, increasing 
the intracellular concentration of ADP, AMP, or 
calcium. This is referred as the “canonical” mech-
anism, and glucose starvation, physical exercise, 
and hypoxia are typical of stimuli that act in this 
way. Also, metformin, a very widely used drug 
for type 2 diabetes, activates AMPK by increas-
ing intracellular levels of AMP, although other 
mechanisms have been supposed to justify its 
therapeutic effects.49

Many molecules derived from plants, such as 
resveratrol50 and curcumin,51 have been shown to 
have a stimulatory effect on AMPK. Usually their 
mode of action involves mitochondrial ATP syn-
thesis inhibition with consequent ATP depletion. 

FIG. 2: Signals, AMPK, and its downstream processes. Shown are the heterotrimeric composition of AMPK, con-
sisting of a catalytic α-subunit and two regulatory subunits, β and γ. Several signals converge and impact AMPK 
to stimulate or inhibit its catalytic activity, resulting in the regulation of metabolic pathways and cellular processes



Mechanisms of AMPK inhibition also actively 
participate in the control of energy homeostasis 
both in the single cell and in the whole organism.57 
Increasing evidence supports a correlation between 
conditions related to a high-fat diet (such as insulin 
resistance and obesity) and low AMPK activity. In-
deed, a lipid overload (palmitate in particular) may 
inhibit this enzyme.58 High glucose and glycogen 
accumulation negatively modulate AMPK,58 and 
some studies have demonstrated that this kinase 
may be inhibited by amino acids,59,60 assigning it 
a role in amino acid sensing opposite to that of 
mTOR. Proinflammatory signals (tumor necrosis 
factor α, for example) inhibit AMPK activity,61 and 
interestingly increasing evidence indicates that 
AMPK is a negative regulator of NF-κB–mediated 
proinflammatory pathways.62,63

B. AMPK Targets and Biological Effects

Many effects have been described downstream of 
AMPK on cellular glucose, lipid and protein me-
tabolism and, because of its actions on autophagy 
and mitochondria biogenesis, on the production of 
energy in general. In glucose metabolism, AMPK 
promotes glucose uptake by glucose transporter 
types 4 and 1 (GLUT4 and GLUT1)64,65 and pro-
motes glycolysis via phosphorylation of the iso-
forms of 6-phosphofructokinase-2 (PFK2), which 
are present in cardiomyocytes,66 monocytes, and 
macrophages.54 Moreover, the anabolic pathways 
in glucose metabolism are down-regulated by gly-
cogen synthase inhibition67and by the transcrip-
tion arrest of the gluconeogenic enzymes.68,69 At 
the same time, fatty acid uptake in cardiac cells, 
mediated by the transporter CD36, and fatty acid 
oxidation are positively influenced by AMPK,70,71 
which phosphorylates and inhibits acetyl CoA car-
boxylase 2 (ACC2). AMPK also inhibits the ACC1 
isoform, which is involved in fatty acid synthesis 
in other tissues72,73 and affects the transcription of 
lipogenic enzymes in liver by SREBP phosphory-
lation.74 It also inhibits cholesterol synthesis by 
phosphorylating the rate-limiting enzyme HMG-
CoA reductase (HMGR),75 and triglyceride syn-
thesis.76 AMPK’s energy control function is also 

exerted by activating mitochondrial biogenesis. 
This effect is realized by direct phosphorylation of 
PPAR-γ coactivator 1α (PGC-1α), the master regu-
lator of this process.77 Moreover, if on the one hand 
AMPK promotes the synthesis of new mitochon-
dria, on the other hand it influences their turnover 
by activating their degradation through the autoph-
agic process (in this case called mitophagy). This 
provides effective quality control of energy output 
efficiency and minimizes ROS production by aged 
mitochondria. The modulation of autophagy is per-
formed by direct ULK1 phosphorylation, which 
triggers the process,78 as well as by a negative 
modulation on the mTOR axis,79 thus adding an 
inhibitory effect on protein synthesis to the previ-
ously described catabolic and antianabolic actions 
of this kinase.

IV. SIRT1

A. Sirt1: Structure and Signaling

The mammalian sirtuin family has been the object 
of several studies, spurring a huge interest in its 
fundamental role as a longevity factor and meta-
bolic sensor. It was discovered at least 30 years 
ago when Sir2 (silent information regulator 2) 
was identified in yeast and found to be a silencer 
of specific genome regions, such as telomeric ends 
and homothallic mating (HM) loci. In this way it 
influences the replicative aging process of yeast.80 
When the exact activity of Sir2 was discovered and 
characterized as NAD+-dependent histone deacety-
lase,81 a mechanistic explanation became available 
for the actual role of this protein as a metabolic 
link between the energetic state and life span. 

Sir2 has seven orthologs (Sirt1–Sirt7) in mam-
mals that are ubiquitously expressed in tissues and 
have different subcellular localizations and activi-
ties. While Sirt1, Sirt6, and Sirt7 lie mainly in the 
nucleus, Sirt3, Sirt4, and Sirt5 are mitochondrial 
proteins and Sirt2 is found to act in the cytoplasm. 
The best studied and described member of this 
family is Sirt1. Despite being principally a nuclear 
protein, it is provided with two nuclear localiza-
tion signals and two nuclear exportation signals, 



via which it shuttles between nucleus and cyto-
sol.82 Human Sirt1 shows a central catalytic do-
main (CCD) that is conserved and is flanked by 
N- and C-terminal ends. The functions of these
extensions are unclear, particularly that of the C-
terminal region, but it is likely that they serve as
regulators. Sirt1 is rich in editable residues that al-
low it to respond to homeostatic changes caused
by events such as phosphorylation, sumoylation,
methylation, and nitrosylation.82

As shown in Fig. 3, only in the presence of the 
cosubstrate NAD+ does the reaction lead to remov-
al of acetyl groups from an acetylated substrate, 
releasing nicotinamide, 2’-O-acetyl-ADP-ribose 
and the deacetylated target (e.g., histonic lysines). 
Thus, the NAD+ biosynthetic rate is crucial in Sirt1 
regulation. It has been shown that NAD+ increases 
in mammals during exercise, fasting, and caloric 
restriction,83-85 and the same conditions are asso-
ciated with intensive Sirt1 activity. Furthermore, 

Sirt1 seems to be implicated in regulation of the cir-
cadian rhythm. Two studies have reported an inter-
action between Sirt1 and CLOCK-BMAL1, joint 
master regulators of the circadian clock, 86,87 which 
implies that Sirt1 is the molecular link among sev-
eral cellular processes, playing a regulatory role 
in the circadian clock, aging, cellular metabolism, 
and stress response. These different processes are 
characterized by changes in NAD+ levels and in 
turn influence Sirt1 activity in a fine and detailed 
circuit. Because this scenario identifies Sirt1 as 
a pivotal modulator of adaptive responses to the 
metabolic environment, its functional deficiency 
may imply cellular deterioration and aging.

B. Sirt1 Targets and Biological Effects

The important role of Sirt1 mirrors the fundamen-
tal role of its targets as effectors of the processes 
just described. One of the best studied Sirt1 sub-

FIG. 3: Signals, Sirt1, and its downstream processes. Several signals converge on Sirt1 to stimulate its protein 
deacetylase activity, which uses NAD+ as a cosubstrate and releases acetyl-ADP-ribose and nicotinamide (NAM). 
Deacetylation of protein substrates results in the regulation of metabolic pathways and cellular processes, whereas 
NAM can be regenerated to NAD+ by a salvage pathway



strates is p53,88,89 the identification of which as a 
target has shown that Sirt1 does not act merely as a 
histone deacetylase. It seems as well to deacetylate  
p53 on Lys382 in humans and inhibit p53-dependent 
apoptosis.88,89 This prosurvival function is in line 
with Sirt1’s effect in tumoral promotion. However, 
besides Lys382, six deacetylable residues occur on 
p53 and it is possible that its specific activity varies 
according to different acetylated sites and to other 
subsequent post-translational modifications, and 
whose pattern is recognized like a  “code.”

PGC-1α has been reported as Sirt1 target, 
and its deacetylation appears to be necessary for 
its activation.84 As for FoxOs, an energy stress 
stimulus is required for Sirt1-mediated activation 
of PGC-1α. This enigma has been resolved with 
the entry of another actor in this play, AMPK, de-
scribed earlier. During an imbalance in the AMP/
ATP ratio, AMPK phosphorylates PGC-1α, prim-
ing it as a substrate for deacetylation/activation 
by Sirt1. Furthermore, the relationship between 
Sirt1 and AMPK is not limited to targeting the 
same factor, but seems to be closer than that. For 
instance, it has been described how AMPK inhi-
bition or siRNA-mediated knockdown can affect 
Sirt1 expression.90

Important targets of Sirt1 deacetylase activity 
are HIF1α and HIF2α. Dioum et al. were the first to 
show that HIF2α is stimulated by Sirt1 during hy-
poxia and in this way may regulate protective fac-
tors downstream.91 However, it was later reported 
by Lim and colleagues that HIF1α, in its deacety-
lated form, fails to mediate metabolic adaptation to 
hypoxia. Indeed, in this condition lowered NAD+ 
levels result in Sirt1 inhibition and thus in acetyla-
tion and activation of HIF1α. Lim et al. also found 
that hypoxia down-regulates Sirt1 mRNA.92

The list of Sirt1 substrates has been growing 
and now includes liver X receptor (LXR); SREB-
Ps and farnesoid X receptor (FXR), which are in-
volved in lipid metabolism; NF-κB in inflamma-
tory response; period circadian protein homolog 
2 (PER2) in the circadian clock; CREB-regulated 
transcription coactivator 2 (CRTC2) in gluconeo-
genesis; E2F1 in cell survival; and KU70 in DNA 
repair.93,94 

Not surprisingly, scientific interest is growing 
in strategies to stimulate Sirt1 exogenously. The 
most talked about compound is resveratrol, a poly-
phenol commonly identified in red wine. Howitz 
et al. in 2003 described resveratrol-mediated en-
hancement of Sirt1 and life span.95 The direct ac-
tivation of Sirt1 by resveratrol was questioned by 
Bora et al. in 2005,96 who showed that resveratrol 
cannot stimulate Sirt1 activity without a functional 
AMPK and proposed that Sirt1 is a downstream 
AMPK effector.97 It would be interesting to charac-
terize the mechanisms underlying Sirt1 stimulation 
as induced by other phenolic compounds. In a re-
cent study we showed that hydroxytyrosol, a mol-
ecule mainly derived from olives, increases Sirt1 
expression.98 Further investigations will be nec-
essary to better understand the molecular mecha-
nisms underlying this event. 

Brunet et al. showed that Sirt1 interacts with 
and deacetylates FoxO transcription factors. They 
reported how, on the one hand, Sirt1 switches off 
the expression of apoptosis-related genes and, on 
the other hand, directs FoxOs toward the expres-
sion of resistance stress–related genes.99 In ac-
cordance with this finding, a 2005 study on he-
patocytes demonstrated that deacetylation targets 
FoxO for nuclear retention, which is necessary for 
its transcriptional activity.100

However, until 2008 the actual potential of 
Sirt1 as modulator of cellular processes was un-
clear. The missing piece in this complicated puzzle 
was the discovery that Sirt1 may be involved in au-
tophagy by deacetylating Atg5, Atg7, and Atg8.101 
Actually, this finding did not come as a surprise, 
because both autophagy and Sirt1 are stimulated 
during starvation and fasting. It has been shown 
how Sirt1 deacetylates these autophagy-related 
proteins in a NAD+-dependent fashion.101 More-
over, it has been found that FoxO3 deacetylation 
may control the transcription of autophagy-related 
genes such as LC3 and Bcl-2/E1B 19 kDa interact-
ing protein (Bnip3) in skeletal muscle,102 and that 
Sirt1 promotes starvation-induced autophagy by 
deacetylating FoxO in cardiac myocytes.103

A better understanding of the biochemical re-
lationship between Sirt1 and autophagy may pro-



not only are synthesized in cells from the amino 
acids Arg and Met, but can derive from diet, and 
it has been reported that polyamine-rich food de-
creases age-associated pathology and mortality in 
aged mice.112

A further difficulty in this picture is that, de-
spite many convergent biological effects of AMPK 
and Sirt1, the complex cross-talk between them 
does not allow a clear determination of which one 
is upstream and which one is downstream. It has 
been demonstrated that AMPK does not directly 
phosphorylate Sirt1, but the effect of this kinase 
on lipid oxidation is to modify the NAD+/NADH 
ratio, thus modulating Sirt1 deacetylase activity.83 
Moreover, some evidence indicates that the ex-
pression of Nampt (Nicotinamide phosphoribosyl-
transferase), which is involved in the synthesis of 
NAD+ by the NAD+ salvage pathway, is induced by 
AMPK.85,113  Even so, LKB1, upstream of AMPK 
activation, is a target of Sirt1, which may regulate 
its acetylation status, intracellular localization, and 
activity.114 Finally, an interesting study by Guo et 
al. showed that Sirt1 overexpression in neurons is 
associated with a reduction in mTOR protein lev-
els and activity, thus providing a new Sirt1 nega-
tive modulation of mTOR signaling.115 

A large and increasing number of reports, only 
some of which were cited in this review, delineate 
an intricate and complex molecular system that 
senses nutrient and energy status, growth factor 
levels, and stress stimuli. This system has been 
only partly unraveled, but it is known that its core 
consists of three master enzymes—mTOR, AMPK, 
and Sirt1—which cross-talk and integrate signals, 
ensuring tight management of autophagy and cell 
homeostasis, as shown in Fig. 4. Switching on au-
tophagy by careful nutritional, pharmacological, 
and/or  molecular regulation and manipulation of 
these key players may promote longevity and pro-
tection against degenerative and aging-associated 
diseases.  
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V. CONCLUSIONS
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ample, AMPK’s autophagy-promoting activity re-
sults from direct phosphorylation of ULK178 inde-
pendent of mTOR’s control of autophagy , as well 
as from inhibition of an mTOR pathway79 through 
AMPK-mediated phosphorylation of raptor104 and 
TSC2.105 Likely via mTOR inhibition, AMPK 
negatively modulates the expression of ornithine 
decarboxylase (ODC),106 the first and rate-limiting 
enzyme in the biosynthesis of polyamines, which 
are essential for cell growth and proliferation. In-
terestingly, the presence of certain amino acids, 
primarily Asn and Gln, is required—via mTOR 
modulation—for ODC induction by growth fac-
tors and insulin.107 However,  polyamine deple-
tion following treatment with an ODC inhibitor 
can down-regulate AMPK expression and activa-
tion108 or accelerate the decline of its activation.109 
This suggests a role for polyamines in sustaining 
AMPK activity, which means that these organic 
polycations may represent homeostatic factors 
operating in the interplay between mTOR and 
AMPK, at least in some contexts. Eisenberg et al. 
presented evidence that the polyamine spermidine 
acts as a longevity factor in model organisms by 
inducing autophagy.110 Subsequently, it was found 
that resveratrol and spermidine in human cultured 
cells promote autophagy in a Sirt1-dependent and 
Sirt1-independent way, respectively, even if these 
compounds stimulate convergent pathways that 
culminate in concordant modifications of the acet-
ylproteome.111 It should be noted that polyamines 
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